Animals can switch their behavioral priorities from ingestive to sex behaviors to optimize reproductive success in environments where energy fluctuates. We hypothesized that energy availability differentially affects the appetitive (motivation), consummatory (performance), and learned (rewarding) components of behavior. In Experiment 1, appetitive and consummatory aspects of sex behavior were dissociated in the majority of female Syrian hamsters restricted to 75% of their ad libitum food intake for between 8 and 11 days. Food restriction significantly inhibited vaginal scent marking, decreased the preference for spending time with male hamsters vs. spending time with food, and increased food hoarding with no significant effect on consummatory behaviors such as the incidence of lordosis or food intake. In Experiments 2 and 3, we attempted to use a similar level of food restriction to dissociate sexual appetite from sexual reward. In hamsters, formation of a conditioned place preference (CPP) for copulatory reward is reflected in increased nucleus accumbens (NAc) neural activation, measured as immunocytochemical staining for c-Fos, the protein product of the immediate-early gene, c-fos. In Experiment 2, neural activation increased 1 h after copulation in the NAc, and did not differ significantly between 10-day food-restricted and ad libitum-fed females in any brain area examined. In Experiment 3, females were either food-restricted or fed ad libitum over 8-30 days of conditioning with copulatory stimuli. Food-restricted females showed significantly fewer appetitive behaviors, but no difference in formation of a CPP compared to females fed ad libitum. Together these data are consistent with the idea that mild levels of food restriction that inhibit appetitive behaviors fail to attenuate consummatory behaviors and the rewarding consequences of copulation. Thus, appetitive sex behaviors are, at least partially, neuroanatomically and behaviorally distinct from both consummatory behaviors and copulatory reward.
Introduction
Hormonal control of ingestive behavior is relevant to clinical problems such as obesity, metabolic syndrome, infertility, and addiction. An understanding of the neuroendocrine mechanisms underlying ingestion requires attention to the functional significance of hormone action for both survival and reproductive success [1] [2] [3] . For example, many investigators assume that the neuroendocrine mechanisms underlying ingestive behavior function to maintain body weight within narrow limits. Mounting evidence, however, suggests that many of these mechanisms function to prioritize conflicting behaviors in order to optimize reproductive success in environments where energy fluctuates [1] [2] [3] . Our experimental approach has been to examine the effects of food availability on the choice between food and sexual stimuli made by subjects housed and tested in semi-natural environments. The advantage of this approach lies in the fact that many neural mechanisms exist, not only because they maintain a particular body size, but also (or primarily) because they conferred reproductive success during evolutionary history.
The present experiments are focused on the neural mechanisms that mediate female motivation and reward underlying the choice between food and a mating partner in Syrian hamsters (Mesocricetus auratus). Hamsters exhibit regular, 4-day estrous cycles and easily quantifiable sex and ingestive behaviors, and can be housed in an apparatus that mimics important aspects of the natural habitat. Syrian hamsters in the wild live in isolation in underground burrows, from which they emerge for 80-90 min/day, primarily for foraging and hoarding [4] . Mating has been observed in the wild, and reported to occur just outside the female's burrow [4] . Thus, 0166 -4328/$ -see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.bbr.2011. 05.003 in the present experiments, estrous-cycling females were housed in home cages, but were free to forage for 90 min/day via vertical tunnels leading in one direction to food and in another direction to an adult male.
Motivated behaviors such as eating and copulating have at least three components: motivation, performance and reward. Consummatory behaviors might, in some cases, reflect both motivation and performance. Some appetitive sex behaviors, however, are at least partially distinct from consummatory sex behaviors. Appetitive sex behaviors occur separated in time from copulation, reflect sexual motivation but not necessarily the ability to perform the sex act, serve to bring animals in close contact with opposite-sex conspecifics, and are assumed to induce arousal in the potential mating partner [5] [6] [7] [8] [9] [10] [11] . For example, Syrian hamsters respond to male odors by making vaginal scent marks and by spending more time in closer proximity to males on day 3 of the estrous cycle, one full day before ovulation and the consummatory act of mating [10, 12] . Syrian hamster appetitive ingestive behaviors include food hoarding, the latency to eat food, and the preference for food over sex. In contrast to appetitive behaviors, consummatory behaviors include food intake (the amount of food eaten within a particular time period) and the percentage of females that show the lordosis reflex on day 4 of the estrous cycle in an enclosed area in response to an adult, sexually-experienced male. Sex and other behaviors are said to have rewarding consequences when performance of these behaviors increases their future occurrence in the contexts in which they first occurred. Sexual reward in hamsters has been measured using the conditioned place preference (CPP) method, in which an estrous female develops a preference for a chamber previously associated with mating [13] .
The extent to which appetitive, consummatory, and reward mechanisms are distinct is unknown. Experiment 1 was designed to determine whether there was a level of food restriction that could inhibit appetitive sex and ingestive behaviors without effects on consummatory behaviors. Experiments 2 and 3 were designed to determine whether the level of food restriction that inhibited appetitive sex behaviors also inhibited the rewarding consequences of copulation both in terms of formation of a CPP and neural activation in brain areas thought to mediate reward.
Materials and methods

Animals and housing
The subjects were adult (at least 3 months of age) female Syrian hamsters obtained from the breeding colony at Lehigh University (original stock from Charles River Laboratories) or directly from Charles River Laboratories (Stoneridge, NY). Hamsters were used at 140.0 ± 10 g body weight in Experiment 1, 148.0 ± 10 g in Experiment 2, and 148.0 ± 16 g in Experiment 3. Hamsters were housed individually in plastic laboratory cages (either 50 cm × 40 cm × 10 cm or 31 cm × 19 cm × 18 cm) with wire lids. The colony environment was maintained at 22
• C with a 14:10 light-dark cycle (lights on at 22:00 h) and food and water were provided ad libitum until the point at which half of the hamsters were food-restricted to 75% of the 4-day average of their ad libitum daily food intake. All procedures followed the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals, the United States Department of Agriculture, and a protocol approved by the University of Minnesota and Lehigh University Institutional Animal Care and Use Committees.
Estrous cyclicity
Ovulation and estrous behavior occur on the last day of the 4-day estrous cycle in Syrian hamsters. Increased circulating concentrations of estradiol on days 3 and 4 culminates in the luteinizing hormone surge and ovulation. Estradiol and progesterone are critical for estrous behavior (the stationary, arched-back lordosis posture necessary for the male to gain intromission). Estrous cycle day 3 is characterized by an increase in circulating estradiol, a decrease in aggression, an increased tolerance for males, and increased vaginal scent marking, but no lordosis.
Only females that showed two consecutive 4-day estrous cycles were chosen for each experiment. Estrous cyclicity was determined by brief introduction of an adult male stimulus hamster into the female's cage. Daily tests for estrous behavior (lordosis) were carried out each day within 30 min of the onset of the dark phase of the light-dark cycle until 4-day estrous cycles were established. Females were considered to be in heat (day 4 of the estrous cycle) if they showed lordosis within 5 min. Those that did not display lordosis within this time period were typically aggressive toward the male and the test was terminated; testing was resumed at the same time the next day. Tests for other behaviors (vaginal scent marking, male preference, food hoarding, etc.) occurred throughout the 20 days of food-restriction or ad libitum-feeding, even if the females failed to show lordosis on the expected day of estrous.
Food restriction
Individually housed females were given a pre-weighed amount of food (approximately 20 g) that was measured to the nearest 0.01 g each day at 12:00 h for 4 days. The baseline daily ad libitum food intake was calculated as the difference in the weight of food found in the cage each subsequent day. Mean daily ad libitum food intake (the sum of 4 daily food intakes divided by 4) was determined for each female. Food-restricted females received 75% of their ad libitum food intake divided into two rations given 12 h apart. Females were tested 12 h after their last food ration had been given, and no food was found in the cage at the time of testing.
Procedures
Experiment 1. Time course of effects of food restriction on appetitive and consummatory behaviors
To test the idea that deficits in energy availability set behavioral priorities at the level of motivation rather than performance, we examined the time course of changes in sex and ingestive behaviors in estrous-cycling female Syrian hamsters every 4 days for 20 days of mild (25%) food restriction and after return to ad libitum food intake. This allowed us to pinpoint the duration of food restriction that significantly affected motivation but not performance, and to look for correlated changes in the mesolimbic dopamine system and other brain areas in Experiment 2, and changes in the formation of a CPP to copulation in Experiment 3.
The preference apparatus
In order to examine the motivation to engage in sex or ingestive behaviors, 16 hamsters (weights and ages described in Section 2.1) were introduced to a preference apparatus described previously [1] . Each apparatus contained a home cage connected via plastic tubes to a food source box and another box that contained an adult male. The home cage was made from an opaque, Nalgene cage (31 cm × 19 cm × 18 cm) lined with fine wood shavings with a door that was kept closed when the animal was not being trained or tested. When the subject females were being trained or tested, the door to the home cage was opened, which allowed the females to ascend a vertical tube (134 cm in length) leading to 2 horizontal tubes (40-50 cm in length), connected in a T-configuration. One horizontal tube was connected to a clear, plastic box (the food box), containing a weighed amount (150 ± 5 g) of hoardable pellets. Hoardable pellets were made from standard laboratory chow (Harlan Rodent Chow 2016) that was broken into 2 cm pieces, a size that hamsters can easily fit into their cheek pouches and carry through the plastic tubes. A second horizontal tube was connected to a clear, Plexiglas cage (27 cm × 20 cm × 15 cm), containing an adult, sexually-experienced male (the male box). During assessment of appetitive behaviors, the male was separated from the female by a wire barrier that allowed olfactory, visual and tactile stimuli from the male, but prevented the male from mating with the female. The male box did not contain food or water.
Subject females were acclimated to the home cage that contained fine wood chip bedding, food and water for at least 1 week prior to testing. This reduced any tendencies to sleep or move bedding to other chambers.
Training to the preference apparatus
Once subjects were acclimated to the home cage, they were trained to expect food in the food box and a male in the male box for four consecutive days. Subjects were trained to each box separately, by blocking access to opposing tubes for 90 min. On days 1 and 2 of the estrous cycle, females were trained to the food box and allowed to keep the food they hoarded in their home cages. On days 3 and 4, females received additional training with the male box. On the eve of day 3, females were allowed to enter into the male box that contained an unrestrained, gonadally-intact male (females cannot become impregnated on this day). Females were allowed to interact with the males for 5 min or until a fight broke out. On the eve of day 4, the day of estrous, females were allowed to enter the male box, to interact with the male, and receive anogenital licks and ectopic mounts without intromissions or ejaculations for 5 min. During training, the experimenter prevented male hamsters' intromission so that no females would become pregnant.
Testing in the preference apparatus
Testing began at the onset of the dark phase of the light-dark cycle (12:00 h) and was conducted under dim, red illumination on days 3 and 4 of the estrous cycle. To start the test, the door to the home cage was opened and females were allowed access to both the food and male boxes for a total of 90 min. The first 15 min of the 90 min test were conducted while the experimenter recorded all behaviors every 5 s. In the remaining 75 min of the test, the females were allowed to move freely about the apparatus, interact with males, hoard or eat food, or remain in the home cage. During this period the experimenter did not record the subjects' behaviors. Behaviors that were recorded during the 15 min on day 3 included vaginal marking, flank marking, hoarding, and eating. At the end of the full 90 min, all food was weighed in the food box and the home cage. No food was found in the male box.
On day 4 of the estrous cycle, females received a 10-min test with a gonadally-intact, male hamster restrained behind a wire barrier in the male box. After the female hamster entered the male box, stimulation was provided to her flanks by an experimenter to induce the lordosis reflex (while the male continued to be restrained behind the wire barrier). The latency and duration of the females' lordosis was recorded.
Previous research showed that food-restricted females that do not show lordosis when the male is restrained will often show lordosis when the male is allowed to mount [1] . Thus, in the present experiment, if the females did not show lordosis during the 10-min period, the wire barrier was removed and the male hamster was allowed to mount the female, and the occurrence or absence of lordosis was recorded. The male was quickly removed if a fight broke out between the two hamsters.
Following the lordosis test with the free male, recording was stopped and the male was placed back behind the wire barrier and the test continued for an additional 80 min while the female still had access to both the food box and the male box. Throughout the total 90 min, the females were free to hoard food, eat food, investigate the male, travel through the tubes, or remain in the home cage. At the end of the full 90 min, all food in the food box and the home cage was weighed.
Food hoarding was measured as the difference between the weight of food in the food box at the start of the 90 min and the weight of the food left in the food box at the end of the 90 min. Food intake was measured as the sum of the food in all compartments (home + food box) at the start of 90 min minus the sum of the food in all compartments at the end of 90 min.
Baseline behaviors were measured on days 3 and 4 of the estrous cycle prior to the start of food restriction. Females were randomly placed into one of two groups that did not differ significantly in body weight. During 20 days of food restriction or ad libitum feeding, all hamsters were tested in the preference apparatus on days 3 and 4 of each subsequent estrous cycle. Thus, they were tested on days 3 and 4, 7 and 8, 11 and 12, 15 and 16, and 19 and 20 of restriction and days 3 and 4, and 7 and 8 after return to ad libitum feeding.
After 16 days of restriction when the majority of food-restricted hamsters stopped showing lordosis, those that failed to show lordosis were returned to ad libitum feeding, whereas the rest were food-restricted for 1 more cycle. After 20 days of restriction, the remaining hamsters were returned to ad libitum feeding whether they showed lordosis or not. After the return to ad libitum feeding, hamsters were re-tested in the preference apparatus on days 3 and 4 for two additional estrous cycles.
Statistical analysis
Data were analyzed using repeated measures analysis of variance (ANOVA) to determine whether there were changes over time, and whether these effects differed according to food-restriction or ad libitum feeding. Repeated measures ANOVA were performed on the amount of food hoarded and eaten during the 90-min period, male preference (the time with the male − the time with the food)/total time, and the number of vaginal and flank marks across all time points of restriction followed by planned contrasts when the main effects were significant. The percentages of hamsters displaying lordosis were compared using Fisher's exact probability test. Differences were considered significant at P < 0.05.
Experiment 2. Mating-induced neural activation in the nucleus accumbens (NAc) in food-restricted and ad libitum-fed females
This experiment was designed to determine whether food restriction could dissociate appetitive behaviors from the neural activation known to occur as a consequence of copulatory experience. In Experiment 1, appetitive sex behaviors were not inhibited by 7 days of food restriction, but were significantly inhibited by 11 days of food restriction at 75% of ad libitum intake (Fig. 1A) , with no significant effect on consummatory behavior in the majority (4/6) of females (Fig. 1B) . Because Experiment 2 required females in which appetitive, but not consummatory behaviors were inhibited, we used 10 days of food restriction in Experiment 2. We knew 7 days would be unlikely to inhibit appetitive behavior, and that 8 days was sufficient to inhibit appetitive sex behavior in a previous experiment [1] , but 12 days might be to long, since there were 2 females in Experiment 1 that failed to show lordosis after 12 days of restriction.
The mesolimbic dopamine system, including the NAc, is of interest because this brain area is thought to play a role in appetitive behavior [14] [15] [16] [17] [18] , effortful approach to reinforcing stimuli [19] , and is activated by experience with addictive drugs [20, 21] and naturally rewarding stimuli including copulatory experience [22] [23] [24] [25] [26] . Whether there is increased release of dopamine and neural activation after vaginal scent marking or other appetitive behaviors in hamsters is unknown, and since mild food restriction decreases these behaviors, it would be difficult to determine whether food restriction also inhibits the rewarding aspects of these behaviors. However, there are instances where the rewarding aspects of copulation are inhibited even when the performance of copulation is not inhibited. In Syrian hamsters, for example, copulatory experience increases neural activation and dopamine release in the NAc [26, 27] , and antagonists to dopamine receptors block the rewarding aspects of sexual experience without decreasing copulatory behavior (lordosis) [13] . Perhaps food restriction, like a dopamine receptor antagonist, also decreases the rewarding consequences of copulation. In Experiment 2, we compared food-restricted to ad libitum-fed females' mating-induced neural activation in the NAc, Only females that showed lordosis on day 4 of the same estrous cycle are included. Females were fed ad libitum or foodrestricted to 75% of their ad libitum intake until they stopped showing lordosis, at which point they were re-fed ad libitum. *Significant difference between foodrestricted and ad libitum-fed hamsters at P < 0.05.
as measured by immunoreactivity to c-Fos, the protein product of the immediate-early gene, c-fos. If brain mechanisms involved in reward, specifically the NAc, share neuroanatomical and functional overlap with mechanisms that control appetitive behavior, it would be expected that food restriction would attenuate mating-induced neural activation in the NAc. However, no attenuation of neural activation would be expected in brain areas more strictly involved in lordosis, such as the ventromedial hypothalamus (VMH) or medial nucleus of the amygdala (MeA). Alternatively, matinginduced neural activation in the NAc might be dissociated from appetitive behaviors by mild food restriction. c-Fos immunoreactive cells were also counted in brain areas containing various peptides implicated in energetic control of food intake and reproduction, such as the arcuate nucleus (Arc) and paraventricular nucleus of the hypothalamus (PVN), which contain leptin receptors, neuropeptide Y/agouti-related protein, proopiomelanocortin and corticotropin releasing hormone [28] [29] [30] [31] [32] [33] [34] [35] [36] .
Animal testing
Twenty-four female hamsters were either fed ad libitum or foodrestricted for 10 days as described in Section 2.3 (weights and ages reported above in Section 2.1). On the tenth day, half of the females from each group in Experiment 2 (6 food-restricted hamsters; 6 ad libitum-fed hamsters) received a 10 min mating test in which a sexually naïve male stimulus hamster was introduced to each female's cage and mating behavior was video recorded. All tests were conducted within the first 2 h of the dark portion of the light-dark cycle. The mating behavior recorded included lordosis latency, total lordosis duration, and total numbers of mounts, intromissions, and ejaculations. Hit rate (proportion of mounts that included intromission) was derived, and for this purpose, ejaculations were scored as intromissions.
c-Fos immunocytochemistry
One h following sex testing, females were deeply anesthetized with Sleepaway (Nembutal, Fort Dodge Laboratories, Fort Dodge, IA 0.2 ml/animal, I.P.) and intracardially perfused with 25 mM phosphate-buffered saline (PBS, pH 7.6, 4 • C) for 2 min followed by 4% paraformaldehyde in 25 mM PBS (4 • C) for 20 min. Brains were post-fixed in 4% paraformaldehyde for 2 h and cryoprotected in 10% sucrose in PBS at 4 • C overnight. Coronal 40 m sections were cut on a freezing microtome at the level of the NAc, and at the level of the MeA/VMH and Arc. Sections were rinsed in wash buffer (25 mM PBS + 0.1% BSA) and incubated in c-Fos primary antibody (Santa Cruz Biotechnologies, Inc, Santa Cruz, CA; cat. # sc 52; 1:3000 in wash buffer + 0.3% Triton X-100) for 24 h at room temperature followed by 24 h at 4 • C. Following appropriate buffer washes, the sections were incubated for 45 min each in biotinylated antirabbit IgG (1:200 in wash buffer, Elite Vectastain ABC Kit, Vector Laboratories, Burlingame, CA, USA) and avidin-biotin horseradish peroxidase complex (1:50 in wash buffer, Elite Vectastain ABC Kit, Vector Laboratories), separated by appropriate rinses in wash buffer. Sections were then further rinsed in 0.05 M Tris buffer (pH 7.6), and then incubated for 5 min in 0.07% diaminobenzidine (DAB) (Sigma-Aldrich Chemicals, St. Louis, MO) in Tris activated by 0.003% hydrogen peroxide. To intensify staining 0.015% nickel ammonium sulfate was added to the DAB reactions. Finally, the sections were rinsed with Tris buffer and deionized water and mounted on slides to dry overnight. The sections were then cleared and cover-slipped with DPX (Sigma-Aldrich Chemicals).
Slides were analyzed using a Leica DM4000B light microscope coupled to a Leica DFC500 digital camera. Brain regions analyzed included the dorsal and ventral subdivisions of the posterior dorsal MeA, the lateral and medial divisions of the ventromedial hypothalamus (VMH shell and VMH core), the NAc core and shell, the PVN, and the arcuate nucleus of the hypothalamus.
The sampling procedure insured that the counting regions were consistent among animals and that the individual who counted stained cells was blind to the experimental condition. Counting boxes were sized to encompass most of the identified region by positioning boxes on appropriate archived digital cresyl violet stained hamster brain images previously generated in the laboratory. These counting boxes were then digitally layered onto images of immunocytochemically processed tissue with Adobe Photoshop. Boxed images were then analyzed for number of c-Fos-IR labeled cells by using ImageJ, and were only included in the cell count if completely enclosed within the counting box. Differences among the groups were analyzed using a 2 × 2 (food restriction × test) ANOVA, followed by Student-Newman-Keuls post hoc test if the main effects were significant. Differences were considered statistically significant if P was less than 0.05.
Experiment 3. Effects of energy restriction on formation of a conditioned place preference to mating
This experiment was designed to determine whether food restriction can dissociate appetitive sex behaviors from the formation of a CPP, a change in behavior that indicates that a stimulus has been rewarding or reinforcing.
24 ovariectomized (OVX) Syrian hamsters (weights and ages reported above in Section 2.1) were randomly placed into treatment groups, ad libitum-fed or food-restricted, that did not differ in body weights. Hamsters in both groups were fed 1 daily ration 4 h after the onset of the dark phase of the light-dark cycle. Females in the food-restricted group received 75% of their ad libitum food intake for 8 days until the start of conditioning in the CPP apparatus, and then their body weights were maintained for the rest of the experiment to approximately 10 g below the body weights of the ad libitum-fed controls. After the first conditioning trial, we maintained the food-restricted females' body weights and level of restriction by alternating days of ad libitum feeding with days of restriction. Ad libitum feeding days occurred after each CPP conditioning trial, whereas restriction days occurred on the 3 days prior to the CPP conditioning trial.
Ovariectomy
Hamsters were deeply anesthetized using 80 mg/kg of sodium pentobarbital (Ovation Pharmaceuticals, Inc., Deerfield, IL) and OVX through bilateral flank incisions closed with suture (muscle incision) and wound clips (skin incision). An analgesic (Metacam, Boehringer Ingelheim Vetmedica, Inc., St. Joseph, MO; 0.06 ml) was given at the time of anesthesia to minimize pain and discomfort after surgery. After at least one week of recovery, hamsters were randomly placed into treatment groups that did not differ in body weight.
Females were primed with an estrous-inducing regimen of estradiol and progesterone prior to each conditioning or testing session. Forty-eight hours before the conditioning or testing in the CPP apparatus, OVX females were given a subcutaneous (S.C.) injection of 10 g estradiol, and 6 h before testing or conditioning a S.C. injection of 500 g of progesterone. Both steroids were dissolved in canola oil.
The CPP apparatus
The CPP apparatus consisted of a gray chamber and white chamber (each 60 cm × 45 cm × 38 cm) that were separated by a clear, neutral chamber (37 cm × 22 cm × 38 cm) described previously [24] . Compartments were further differentiated by corn cob bedding (Harlan 7092) in the white chamber and fine wood shavings (same as females' home cages) in the gray chamber. Sliding partitions made of the same color as the compartments were used to isolate the females during conditioning.
Pre-testing in the preference apparatus
Pre-tests were used to familiarize the animals to the apparatus and to determine whether the females displayed any preference for either of the two compartments. Beginning at the onset of the dark phase of the light-dark cycle, 48 h after estradiol injection, and 6 h after progesterone injection, females were placed in the clear, neutral compartment of the preference apparatus, partitions were removed, and animals were allowed to roam freely in all chambers for 10 min under supervision by an observer. The number of seconds in each compartment was recorded.
All testing was performed under fluorescent illumination within 3 h of the onset of the dark portion of the light-dark cycle. The pro- , and (B) the frequency of females that showed lordosis. Females were fed ad libitum or food-restricted to 75% of their ad libitum intake until they stopped showing lordosis, at which point they were re-fed ad libitum. *Significant difference between food-restricted and ad libitum-fed hamsters at P < 0.05. Females were fed ad libitum or food-restricted to 75% of their ad libitum intake until they stopped showing lordosis, at which point they were re-fed ad libitum. Hamsters were tested for food hoarding and intake at the same time they had access to an adult sexually experienced male restrained behind a wire barrier *Significant difference between food-restricted and ad libitum-fed hamsters at P < 0.05. cedure was repeated 3 times prior to conditioning, and an average of the last 2 pre-tests was used to calculate the initial preference. The apparatus was cleaned with 70% ethanol and fresh bedding was replaced after each animal was tested. Twenty-four h food intake was measured for 4 days during pretesting by placing approximately 20 g of food inside the home cage and weighing the food remaining 24 h later.
Conditioning in the preference apparatus
In conditioning sessions, subject females were paired with a stimulus in the compartment that had been less preferred in the pre-test. The mated group was placed in the previously less preferred compartment with an adult, sexually-experienced male hamster. The unmated group was never placed in a compartment with a male, but was placed alone in the previously less preferred compartment. Half the mated and half the unmated females were either fed ad libitum or food restricted as described above. All females received the same hormonal priming prior to the conditioning test and received their conditioning sessions every 4 days.
Each conditioning session had two 10-min phases, a conditioning phase and an isolation phase. In one phase, the females were paired with the stimulus common to all members of the groups (the mated group was placed with the male stimulus, the unmated group was placed in an empty compartment). In the other phase, the females (regardless of group) were placed alone in the compartment not used in the first phase. The two phases were repeated every 4 days alternating the order of conditioning and isolation.
Post-conditioning testing in the preference apparatus
Two post-conditioning tests were performed to determine whether the females had formed a CPP. One occurred after the first conditioning session and the other occurred after the fourth conditioning session.
Four days after the first conditioning session, females were hormonally primed as described above and given a post-conditioning preference test 48 h after the estradiol injection and 6 h after the progesterone injection. Briefly, females were placed in the clear, neutral chamber and given free access to the apparatus in the absence of a male for 10 min. The amount of time spent in each compartment was recorded by an observer who was blind to prior treatments. After the initial post-test, conditioning continued every 4 days. After a total of 4 conditioning sessions, females were again given a post-test in the absence of a male and the time spent in each compartment of the apparatus recorded.
Appetitive sexual behavior
Four days after the last post-test, hamsters were injected with estradiol 48 h and 24 h prior to being tested for appetitive sexual behavior and aggressive behavior using a sexually-experienced male stimulus hamster. Test subjects were placed into a clear, Plexiglas cage (43 cm × 20 cm × 20 cm) containing a male and a 100 ml of a standard olfactory stimulus made from the soiled bedding collected and pooled from multiple individual, sexually active male hamsters. Subjects were observed for 15 min with behaviors recorded every 5 s including number of vaginal scent marks, an appetitive sex behavior known to be inhibited by food restriction [1] .
Statistical Analysis
Time spent in the conditioned chamber was analyzed by a paired t-test to compare pre-test to post-test times. Change in body weight, food intake, and appetitive behaviors were analyzed using 2-way ANOVA with food availability and mating experience as the main effects. Post hoc tests for significant differences between groups were conducted by Duncan's Multiple Range method when the main effects were significant. Results were considered significant when P < 0.05.
Results
Experiment 1. Time course of effects of food restriction on appetitive and consummatory behaviors
Sex behaviors
Male preference on day 3 of the estrous cycle was calculated as (the amount of time females spent with a male-the amount of time spent with food)/the total time in the preference apparatus, and was inhibited by food restriction some time between days 7 and 11 (P < 0.05) (Figs. 1A and 2A) .
As food restriction progressed beyond 8 days, some females became anestrous, i.e., they failed to show lordosis on day 4 of the estrous cycle, even in response to a male that was freed from his wire restraint. As shown in Fig. 3B , 6/6, 6/6, 5/6, 4/6, 2/6, 1/6, 0/6, and 4/6 showed lordosis in response to an adult male on days 0, 4, 8, 12, 16, and 20 days after the start of food restriction, and 4 and 8 days after re-feeding. It is known from previous experiments that food-deprived or restricted female Syrian hamsters that fail to show lordosis also show an absence of appetitive behaviors and low circulating estradiol and progesterone [3, 37, 38] . We wanted to know whether appetitive behaviors could be inhibited in females in which the consummatory behavior (lordosis to a free male) was not yet inhibited. It is important to use hamsters in which lordosis was not inhibited by food restriction to determine whether it is possible for food restriction to inhibit appetitive behaviors independent of lordosis and the hypothalamic-pituitary-gonadal system. Thus, in Fig. 1 , mean male preference scores on day 3 of the estrous cycle were calculated using only females that showed lordosis to a free male on the subsequent day. Male preference on day 3 of the estrous cycle (anestrous females excluded) was significantly decreased by food restriction at 11 days after restriction and at 3 days after re-feeding (P < 0.05) (Fig. 1A) . In contrast, the same females that showed decreased male preference showed no significant decrease in lordosis duration until day 20 after the start of food restriction (Fig. 1B) . Linear regression showed a significant portion of the variance in male preference was accounted for by variation in body weight (r 2 = .38, P < 0.02), whereas there was no significant association between lordosis duration and body weight ( Fig. 2A and B) .
A similar pattern in male preference on day 3 of the cycle was apparent when all females were included in the male preference calculations (Fig. 3A) . Food restriction decreased lordosis duration (P < 0.05) and this effect was magnified as restriction continued, and was reversed by 8 days of re-feeding. This was reflected in the repeated measures ANOVA as a significant main effect of food availability (F(1,40) = 18.85, P < 0.002), time (F(4,40) = 9.27, P < 0.002), and food availability × time interaction (F(4,40) = 6.90, P < 0.0003). Furthermore, male preference was significantly lower in foodrestricted females after 11 days (P < 0.003) and 15 days (P < 0.02) of food restriction and 3 days of re-feeding (P < 0.007) compared to ad libitum-fed hamsters (Fig. 3A) . A similar pattern was seen when male preference was measured on day 4 of the estrous cycle, in which there was a main effect of food availability (F(1,40) = 10.89, P < 0.008), but no effect of time and no interaction ( Table 2) .
The frequency of females that showed lordosis was not significantly affected by food restriction until day 16 (P < 0.05), at least 5 days after male preference was affected. At 20 days after the start of restriction, all hamsters were re-fed, whether they showed lordosis or not, because we were concerned about low body weights of those hamsters that continue to show lordosis at day 20. At 4 days after re-feeding, none of the food-restricted females showed lordosis. This has been observed previously when very lean animals were restricted on day 4 of the cycle, but did not recover estrous cyclicity by 4 days of re-feeding (Schneider, unpublished data). By 8 days of re-feeding, the majority of females showed lordosis, and the frequency of lordosis did not differ between food-restricted and ad libitum-fed females (Fig. 3B) .
The majority of vaginal scent marks were produced on day 3 of the estrous cycle, the day before behavioral estrous (Table 1) . Ad libitum-fed females tended to show higher levels of vaginal marking compared to restricted, but this difference was only significant on day 11 of restriction (P < 0.03). Repeated measures ANOVA showed no main effect of food availability or time, but there was a significant interaction between time and food availability (F(4,40) = 49.61, P < 0.03) on the number of vaginal marks per 15 min. In the present experiment, the rate of vaginal scent marking did not significantly increase after re-feeding.
Food-restricted females showed significantly fewer flank marks compared to ad libitum-fed females after 11 days of food restriction (P < 0.04) ( Table 1 ).
Ingestive behavior
Food hoarding (day 3 of the estrous cycle) increased in food-restricted females as reflected by the repeated measures ANOVA, which showed a significant main effect of food availability (F(1,40) = 7.35, P < 0.02), time (F(4, 40) = 4.71, P < 0.003), and an interaction between food availability and time (F(4,40) = 6.40, P < 0.0004). The amount of food hoarded on day 3 was significantly greater in food-restricted hamsters compared to hamsters fed ad libitum after 11 days (P < 0.04) and 15 days (P < 0.01) of food restriction and remained increased through 3 days of re-feeding (P < 0.03) (Fig. 4A) . Similarly, for food hoarding on day 4 of the estrous cycle, there was a significant main effect of time (F(4,40) = 3.24, P < 0.02) and an interaction between food availability and time (F(4,40) = 3.61, P < 0.01) ( Table 2) . There was no effect of food restriction on food intake on day 3 of the cycle (Fig. 4B) . On day 3 of the cycle, there was a main effect of time on the amount of food eaten (F(4,40) = 2.74, P < 0.04), but there was no interaction between food availability and time (Table 1) . Food-restricted females never differed significantly in their food intake from ad libitum-fed females on any day of day 3 testing.
On day 4 of the estrous cycle, most ad libitum-fed females went directly to the male and spent all of their time with males, whereas late in food restriction, some females made brief visits to the food box, particularly those who were anestrous. Food intake did not differ significantly between food-restricted and ad libitumfed females on any day (Table 2 ). However, on day 4 of the estrous cycle, there were main effects of food availability (F(1,28) = 27.90, P < 0.001) and time (F(4,28) = 3.83, P < 0.01) and an interaction between food availability and time (F(4,28) = 2.76, P < 0.05) on food intake ( Table 2 ).
Body weight
Female hamsters food-restricted for 16 days lost weight (an average of −31.5 ± 5.58 g S.E.M.) whereas females fed ad libitum gained weight (+10.5 ± 3.28 g S.E.M.) and the change in body weight was significant (F(1,12) = 47.20, P < 0.0001) (Fig. 5) . After eight days of re-feeding the previously food-restricted hamsters increased body weight, but remained significantly lower than ad libitum-fed hamsters (P < 0.018) (Fig. 5). 
Experiment 2.
Mating-induced neural activation in food-restricted and ad libitum-fed females
Body weight and sex behavior
Ten days of food restriction at 75% of ad libitum intake resulted in significant body weight loss (F(1,22) = 37.08, P < 0.0001) (Fig. 5) , and did not result in significant differences in the frequency of or duration of lordosis (Fig. 6 ) compared to ad libitum-fed hamsters. Male hit rate was determined by dividing the number of intromissions/ejaculations by the number of mounts. Males that mated with food-restricted females did not show a significantly different hit rate or number of sexual attempts than those that mated with ad libitum-fed female hamsters (Fig. 6 ).
c-Fos immunoreactivity
For c-Fos-IR in the NAc core, there was a significant main effect of mating (F(1,19) = 9.45, P < 0.006), but no significant effect of food treatment and no interaction between food treatment and mating (Fig. 7) . Analysis of the NAc shell yielded similar results with a significant main effect of mating (F(1,19) significant effect of food treatment and no significant interaction between food treatment and mating (Fig. 7) .
For c-Fos-IR in the lateral VMH there was a significant main effect of mating (mating experience increased c-Fos-IR) (F(1,19) = 22.0, P < 0.0002) but no significant effect of food treatment and no significant interaction between food treatment and mating (Fig. 8) .
Within the medial VMH, there was no significant main effect of mating, food treatment or interaction between food treatment and mating F(1,19) = 0.23, P < 0.60). c-Fos-IR in the VMH did not differ between food-restricted and ad libitum-fed hamsters after mating at 10 days of restriction in either the lateral or medial VMH (Fig. 8) .
For c-Fos-IR in the Arc, the general pattern was different than in the VMH, with food-restricted females always showing somewhat higher levels than ad libitum-fed, and mated lower than non-mated females, but there was no significant main effect of mating or food treatment and no significant interaction (Fig. 8) .
For c-Fos-IR in the MeA, there was a significant main effect of mating (F(1,19) = 11.07, P < 0.004) and no significant effect of food treatment and no significant food treatment by mating interaction, although it appeared that the mating response in food-restricted females might be exaggerated compared to that of ad libitum-fed females (Fig. 9) .
For c-Fos-IR in the PVN there was no significant main effect of food treatment, mating, and no significant interaction (Fig. 10). 4.3. Experiment 3. Effects of energy restriction on formation of a conditioned place preference to mating
Conditioned place preference
Both food-restricted and ad libitum-fed females developed a CPP to mating after 4 conditioning sessions (Fig. 11) . Foodrestricted and ad libitum-fed hamsters did not form a preference to mating after 1 conditioning session (P < 0.26 and P < 0.15 respectively). However, after 4 conditioning sessions, both food-restricted and ad libitum-fed hamsters formed a preference to mating (P < 0.004 and P < 0.03). There were also significant differences between 1 and 4 mating sessions for hamsters food-restricted and fed ad libitum (P < 0.03 and P < 0.05 respectively). Foodrestricted and ad libitum-fed females conditioned to an empty box failed to form a preference after 1 (P < 0.61 and P < 0.56 respectively) or 4 conditioning sessions (P < 0.84 and P < 0.26 respectively).
Food intake
Cumulative food intake ( Fig. 12 ) differed significantly between food-restricted and ad libitum-fed hamsters by the first conditioning session (F(1,20) = 15.43, P < 0.0008) and this difference continued through the last post-test (F(1,20) = 10.85, P < 0.0036) and appetitive sex test (data not shown).
Body weight
Both food-restricted and ad libitum-fed hamsters lost weight throughout Experiment 3 (Fig. 5) , however, hamsters that were food-restricted lost significantly more weight than hamsters fed ad libitum. By the first conditioning session (8 days of restriction) food-restricted hamsters lost significantly more weight (weights subtracted from pre-test) than hamsters fed ad libitum (F(1,20) = 13.31, P < 0.002) and this difference remained throughout the last post-test (30 days of food restriction) and appetitive sex test (F(1,20) = 8.79, P < 0.008).
Appetitive sex test
Similar to Experiment 1, hamsters that were food-restricted were less sexually motivated than hamsters fed ad libitum. For example, food-restricted hamsters produced significantly less vaginal marks (Fig. 13 ) than hamsters fed ad libitum (F(1,20) = 4.42, P < 0.05) and there was no effect of prior mating experience obtained during conditioning (F(1,20) = 0.67, P < 0.42) or an interaction between food and mating (F(1,20) = 1.10, P < 0.31). Although not significant, there was a tendency for food-restricted hamsters to have a longer latency to vaginal mark (F(1,20) = 3.61, P < 0.07) and shorter latency to aggression (F(1,20) = 3.31, P < 0.08), compared to hamsters fed ad libitum (data not shown). Also, twice as many females fed ad libitum (8 hamsters) allowed mounting attempts by a male compared to food-restricted hamsters (4 hamsters).
Discussion
The main findings from these experiments were threefold. First, 25% food restriction for greater than 7 but less than 12 days significantly decreased the motivation for sex without a significant decrease in sexual performance in the majority of females ( Figs. 1 and 2) . These results are consistent with an earlier study in which 8 days of 25% food restriction significantly decreased sexual motivation but not performance [1] . Second, ten days of 25% food restriction failed to prevent or significantly attenuate lordosis duration, copulatory interactions with males, or mating-induced neural activation in the NAc, VMH, PVN, MeA, or Arc in Experiment 2 (Figs. 7-10) . Third, between 8 and 30 days of 25% food restriction significantly decreased vaginal marking, but failed to effect formation of a CPP to mating in Experiment 3.
The results of Experiment 1 are consistent with previous studies demonstrating that the mechanisms that control the motivation to engage in sex and/or ingestive behavior are more sensitive to the effects of energy availability than are the mechanisms that control copulatory performance [1, 3] . Specifically, after 11 days of food restriction, appetitive sex behaviors were significantly lower and appetitive ingestive behaviors were significantly higher in food-restricted compared to ad libitum fed females (Figs. 1A and 4A), even in females that showed lordosis on the next day of the same estrous cycle (Fig. 1B) . The 12-day food-restricted females that showed lordosis did not differ significantly from ad libitumfed females in lordosis duration (Fig. 1B) . Also, on day 12 of food restriction, only two of six food-restricted females failed to show lordosis when the male was free (Fig. 3B) . Thus, although copulatory performance can be affected by 12 days of restriction in some females, inhibition of lordosis and the underlying HPG system is not required in order for this level of food restriction to inhibit appetitive sex behaviors and increase appetitive ingestive behaviors on day 11. In addition, there was a significant positive correlation between male preference on day 3 of the estrous cycle and body weight, but the correlation between lordosis duration on day 4 of the estrous cycle and body weight was not significant (Fig. 5) . Together, these results reveal and crystallize an important interaction between energy availability, male stimuli and ovarian steroids in setting behavioral priorities that is not apparent by limiting observation to consummatory behaviors such as lordosis and food intake. The effects of this mild food restriction are not explained by decreases in circulating ovarian steroid concentrations because in Experiment 1 appetitive behavior was inhibited even in females that showed lordosis, a behavior dependent upon high circulating levels of estradiol and progesterone. In addition, in Experiment 3 vaginal scent marking was significantly decreased by food restriction despite treatment with estradiol (Fig. 13) . In other experiments, two days of complete food deprivation significantly decreased vaginal scent marking by estrous-cycling Syrian hamsters, even though these hamsters did not show food deprivation-induced anestrus or a significant decrease in circulating estradiol concentrations [3] . In other experiments, neither estradiol nor progesterone concentrations were significantly lower after 4, 8 or 12 days of 25% food restriction (Klingerman, Williams, Kriegsfeld and Schneider, in unpublished data). Finally, significant effects on appetitive sex and ingestive behavior were seen when ovariectomized females were food restricted to 75% of their ad libitum intake for 8 days and treated with estrous-inducing doses of exogenous estradiol and progesterone [1] .
It is likely that the effects of food restriction on appetitive behaviors involves decreased sensitivity or responsiveness to estradiol because effects of energy availability occur prior to endogenous changes in circulating ovarian steroids and in spite of exogenous treatment with ovarian steroids. Energetic effects on neural estrogen receptors have been noted in the literature, but the energetic challenges were far more severe and inhibited both lordosis and the HPG system. In earlier studies, food deprivation in lean female hamsters (less than 100 g in body weight) inhibited follicle development and ovarian steroid secretion, induced anestrous, and decreased the number of cells immunoreactive for estrogen receptor (ER-IR) in the VMH in hamsters [38] [39] [40] , and induced hypogonadotropism in other species [41] [42] [43] . Although ER-IR is lower in the VMH and higher in the PVN and caudal preoptic area (POA) after 48 or more hours of total food deprivation in lean hamsters (less than 120 g) [40] , the effects of the current food-restriction paradigm (25% food restriction in 140 g hamsters) on ER-IR remain to be investigated.
An additional new finding from the present experiment was that a level and duration of food restriction similar to those used in Experiment 1 did not have a significant effect on either the females' lordosis duration, or on the naïve stimulus males' hit rate (number of intromissions per number of mounts) in Experiment 2 (Fig. 6) . Other experiments show that when sexually naïve male hamsters mate with sexually-experienced females, they achieve a significantly greater hit rate than when they mate with sexually naïve females. Furthermore, male hit rate is improved when their female mating partners receive treatments that increase the expression of FosB in the NAc of females [44] . Given these results, it might be expected that the females' energetic condition might also influence their ability to improve male hit rate. This idea was refuted because there was no significant difference in hit rate between those males that mated with females that were food-restricted and those that mated with females that were fed ad libitum (Fig. 6) .
Having identified a duration during which 25% food restriction blocks appetitive but not consummatory behaviors in Experiment 1, Experiment 2 was designed to test the idea that food-restrictioninduced changes in appetitive behaviors might be dissociated from changes that result from the rewarding consequences of copulation. The NAc was of particular interest because a 10-min period of sex- Food-restricted hamsters were fed 75% of their ad libitum intake for 10 days. Mated hamsters were given a 10-min mating test with a sexually naïve male hamster and unmated hamsters had no contact with a male prior to sacrifice 1 h later. Mean and standard error of the mean for c-Fos immunoreactivity in the MeA (bottom). * = significant differences were detected between mated and unmated (C) at P < 0.05. ual experience increases neural activation and dopamine release in the NAc, and the effect is exaggerated in females with prior sexual experience [26, 27] . Furthermore, just as the effects of 25% food restriction decreased appetitive behaviors prior to consummatory behaviors, treatment with a dopamine receptor antagonist blocked the formation of a conditioned place preference after sexual experience without significant effects on lordosis [13] . Would food restriction also inhibit copulation-induced increases in NAc neural activation in the same way that it inhibited appetitive behavior, or would appetitive behavior be dissociated from the rewarding aspects of copulation? A third possible outcome would be that food restriction would actually enhance NAc neural activation, similar to the food restriction-induced sensitization to the effects of drugs of abuse [45, 46] . In Experiments 2 and 3, inhibition of appetitive behavior was dissociated from mechanisms that mediate the rewarding consequences of copulation because both ad libitumfed and food-restricted females showed mating-induced increases in neural activation in the NAc, similar to the pattern of neural activation found in the VMH and MeA (Figs. 7-9 ). Furthermore, food-restricted and ad libitum-fed females both showed evidence that they experienced a reward during copulation, because these groups did not differ significantly in the formation of a CPP (Fig. 11) , despite the fact that food-restricted females decreased appetitive sex behavior (Fig. 13) .
Whereas mating experience increased neural activation in the NAc, VMH and MeA (Figs. 8 and 9 ), a different pattern of neural activation was seen in the Arc and PVN (Figs. 8 and 10 ). In the Arc, mating experience did not stimulate c-Fos expression. In the Arc, neural activation in the food-restricted group was always slightly higher than in females fed ad libitum, and these effects were not significant (Fig. 8) . Similarly, in the PVN, effects of mating and food regimen were not significant (Fig. 10) . Together these results suggest that the effects of energy availability on sexual motivation might be mediated by mechanisms that are not reflected by mating-induced neural activation in the NAc. Changes in these latter areas would be consistent with their high concentration of corticotropin releasing hormone, urocortin, leptin receptors, neuropeptide Y/agouti-related protein, and proopiomelanocortin neurons and their putative roles in response to energy deficits [28] [29] [30] [31] [32] [33] [34] [35] [36] , but 25% food restriction Food-restricted hamsters (black bars) were fed 75% of their ad libitum intake for 10 days. Mated hamsters were given a 10-min mating test with a sexually naïve male hamster and unmated hamsters had no contact with a male prior to sacrifice 1 h later.(C) Mean and standard error of the mean for c-Fos immunoreactivity in the PVN (bottom). There were no significant differences among the groups.
might not be enough to significantly increase activation of these cells.
The present experiment addressed only the idea that energy deficits decrease the rewarding aspects of a mating experience that involves mounting, intromission and ejaculation. A separate question is whether precopulatory, appetitive behaviors are reinforcing in ad libitum-fed females (whether they can serve as a reinforcing stimulus in a CPP paradigm or whether these experiences can sensitize the dopamine transmission or neural activation in the NAc) and if so, whether the reinforcing aspects of behavior are susceptible to energy deficits. The answer to these questions with regard to ad libitum-fed females is unknown and thus, there is currently no basis for comparisons to food-restricted females.
In summary, the present experiments confirm that 25% food restriction can be used to reliably decrease appetitive aspects of sex and ingestive behavior without affecting consummatory behavior and sexual reward. The behavioral results suggest that hamster precopulatory behaviors, including the choice between courtship and hoarding, represent an important locus of effect of energy availability on reproduction. This is a useful paradigm for elucidating the functional significance of neuropeptides and neurohormones previously thought to be important for body weight regulation, but which might have evolved to orchestrate the appetites for food and sex. Furthermore, the choice between engaging in sex or ingestive behaviors might be the point at which the reproductive outcome (and Darwinian fitness) is decided, and thus, the mechanisms that control this choice might be the mechanisms that have been under selection. If so, it will be important to reexamine the assertions that have come from many years of studying food intake in animals in an enclosed space with no opposite-sex conspecifics available. For example, if the adaptive function of so-called 'satiety peptides,' such as leptin and estradiol, has been to temporarily decrease ingestive behaviors and to stimulate reproductive behaviors, it might be imprudent to expect that these hormones limit anticipatory shopping, hoarding and body weight gain. Half of each food group was either conditioned with a male (mated) or conditioned with the empty compartment (unmated). During post-conditioning tests, female subjects had a choice between a chamber where 10 min of copulatory experience had occurred (conditioned compartment) or where no male had been present (unconditioned compartment). + 1 conditioning session significantly different from 4 conditioning sessions at P < 0.05. *0 conditioning sessions (pre-test) significantly different from 4 conditioning sessions at P < 0.05.
Fig. 12.
Mean and standard error of the mean of cumulative food intake over the course of Experiment 3. Females were food-restricted to 75% of their ad libitum food intake or fed ad libitum for 8 days prior to the first CPP conditioning trial and throughout conditioning. *Cumulative food intake of food-restricted hamsters was significantly less than that of ad libitum-fed hamsters between 8 and 30 days of food restriction at P < 0.05. Fig. 13 . . Mean and standard error of the mean of the number of vaginal marks produced during a test for appetitive sex behavior in ovariectomized females treated with estradiol in Experiment 3. Females were food-restricted or fed ad libitum for 30 days prior to the test. Half of each food group, the "Mated" females were conditioned with males whereas the other half, the "Unmated" females were conditioned with an empty compartment. *= Food restricted significantly different from fed ad libitum at P < 0.05.
